The partitioning of a set of 14 primary, secondary and tertiary alkanols with chain-lengths ranging from C1 to C6 in the three-phase system plant cuticle, water and atmosphere was investigated. A static headspace gas chromatographic method was devised for measuring the distribution of the volatile alkanols between the gas, cuticle and aqueous phases, respectively. Measurements were performed in the temperature range from 5-40 °C. The isotherms for the sorption of alkanols in the cuticular polymer matrix (MX) obeyed Henry's law and, at 25 °C, molal MX/air partition coefficients (K MX .) ranging from 454 (methanol) to 33 000 (1-hexanol) were obtained from their slopes. The corresponding experimental air/water partition coefficients (KJ varied from 1.94 x10~4 (methanol) to 8.47x10" 4 (2-hexanol). MX/water partition coefficients (KMXW) in the range from 0.088 (methanol) to 23 (1-hexanol) were estimated from K MXa and /(",. On average, K MXM was reduced by a factor of two when temperature increased by 10 K. A common reduced isotherm was obtained for all compounds (except methanol) and all temperatures when the concentrations in the MX were plotted versus the ratios of the actual and the saturation vapour pressures. A series of quantitative property/property and structure/property relationships between the parameters for partitioning and simple physico-chemical properties and structural descriptors of the alkanols was established.
Introduction
The cuticle is essential to the ability of higher plants to control the exchange of water, solutes and organic volatiles between their primary above-ground parts and the atmospheric environment (Schonherr, 1982; Schftnherr and Riederer, 1989) . The transport of non-electrolytes across a plant cuticle systematically depends both on the compound's solubility and mobility in the transportlimiting barrier of the cuticle (Schonherr and Riederer, 1989; Riederer, 1995) . Mobilities are characterized by diffusion coefficients or rate constants of desorption which can be determined experimentally (Bauer and Schonherr, 1992; Schreiber and SchQnherr, 1993; Baur et al., 1996) . The relative solubility of a compound in the cuticle is expressed by the cuticle/water or cuticle/air partition coefficient (Riederer and Schdnherr, 1984; SchSnherr and Riederer, 1989; Riederer, 1995) .
While cuticular sorption and permeability for water and non-electrolyte solutes have been studied extensively (Sch6nherr, 1982; Schdnherr and Riederer, 1989; Chamel et al, 1991; Riederer and Schreiber, 1995) only a few reports deal with the interaction of volatile organic compounds and plant cuticles (Becker, 1987; Ettlinger, 1992; . This is in surprising contrast to the importance attributed to the emission of biogenic organic volatiles from leaves (Arey et al., 1991; Winer et al., 1992; Charron et al., 1995; Monson et al., 1995) , the accumulation and uptake of volatile and semi-volatile xenobiotics into plants (Helmig et al., 1989; DSrfler et al., 1991; Hauk et al., 1994) and the interactions between plants and animals or fungi as well as between animals and animals occurring at the leaf surface and mediated by volatile semiochemicals (Grambow, 1977; Ramachandran et al., 1990; Noldus et al., 1991; Dobson, 1994) . Also it has been proposed that volatile alkanols may interfere with the cuticular transport barrier by increasing the mobility of molecules diffusing across it (Schonherr, 1993a) .
The present study is intended to close the current gap in the systematic knowledge on the interactions of volatile organic compounds and plant cuticles. An homologous series of primary, secondary and tertiary alkanols with carbon chain-lengths ranging from Cl to C6 has been chosen. This set of compounds has been selected primarily for the reason that primary and secondary alkanols are prominent constituents of the headspace of plants contributing approximately 20% of the total organics identified (Hamilton-Kemp and Andersen, 1984; Tollsten and Bergstrdm, 1988; Narain et al, 1990; Bradow, 1991; Jordan et al, 1992; King and Knight, 1992) . Another reason for using alkanols as a set of reference compounds was the simple and pronounced dependence of physicochemical properties on chemical structure. This fact facilitates the analysis of the effects of structural and physico-chemical factors on the interactions of the alkanols with the plant/atmosphere interface.
The main objectives of the present study were (1) to characterize the sorptive properties of plant cuticles for volatile alkanols, (2) to quantify the effect of temperature on cuticle/air partitioning, (3) to investigate the effect of chemical structure on the phase behaviour of the alkanols and (4), for predictive purposes, to derive quantitative relationships between the parameters describing partitioning and the physico-chemical properties and structures of the organic compounds.
Materials and methods

Plant cuticles
Astomatous fruit cuticles of Lycopersicon esculentum Mill. cv. Vendor were enzymatically isolated as described earlier (Schonherr and Riederer, 1986) . Subsequently, the cuticular waxes were removed by an exhaustive soxhlet extraction with CHC1 3 (Riedel-de Haen, Seelze, Germany) for 24 h. The material resulting from this will be referred to as polymer matrix membranes (MX). MX membranes were used as they could be recovered easily after each experiment by exhaustive extraction and subsequently re-used several times. Thus, the expensive and time-consuming isolation of very large amounts of cuticular membranes was avoided. As MX mainly consist of the biopolymer cutin they are good models for the overall sorptive properties of plant cuticles for lipophilic organic compounds. It has been shown experimentally that the fundamental processes governing sorption are identical for extracted and non-extracted cuticles Schonherr, 1984, 1986; Kerler and Schonherr, 1988) .
Cuticle/air partitioning
Exactly determined amounts of MX (4-400 mg) were added to 20 ml glass vials (Macherey-Nagel, Dflren, Germany) sealed with PTFE lined septum caps. Precisely known liquid or vapour volumes of the test compound (Table 1) were injected into the vials. When adding a liquid volume (0.1-1 /xl) using a microlitre syringe (SGE, Melbourne, Australia) care was taken to deposit the solvent droplet only on to the wall of the vessel avoiding any direct contact with MX material. The liquid volumes added evaporated completely within a few minutes. Test compounds in the vapour phase were obtained from gas-tight vials containing a saturated atmosphere over excess liquid. These vials were thermostated in a water bath (±0.1 °C, Lauda, Daubert and Danner (1989) with the exception of 2-hexanol whose value was taken from Beilsteins Handbuch der organischen Chemie (1958) ; boiling points were taken from The Merck Index (1989) and 1-octanol/water partition coefficients from (Sangster, 1989) . The sources of the chemicals were (1) Merck (Darmstadt, Germany) and (2) Aldrich (Steinheim, Germany). Purities were ^98%. Lauda-Kdnigshofen, Germany). Aliquots (1-5 ml) were taken using a gas-tight syringe (SGE, Melbourne, Australia) and injected into the sample vials. An equivalent volume of gas had been removed from the sample vials previously in order to assure isobaric conditions.
The amounts of MX in the sample vials were chosen so as to reduce the vapour-phase concentration of alkanols by 20-80%. In addition, very small amounts of MX were exposed to high concentrations of 1-propanol and 1-butanol in order to reach saturation concentrations in the MX. For each compound eight sample vials containing varying amounts of MX and additionally three reference vials without MX were prepared.
Subsequently, the vials were equilibrated for 3 h at the experimental temperature. Previous tests had shown that this interval was sufficient for complete equilibration. Cuticle/air partition coefficients for all compounds were measured at 25 °C. With the primary alkanols used in this study (Table 1) , the dependence of partitioning on temperature was studied in the range from 5^(5 °C.
Partitioning of the volatile alkanols between the gas and the MX phases was derived using the difference method. After equilibration, the resulting concentration in the gas phase was measured (see below). The equilibrium concentration of the alkanol in the MX can then be estimated according to:
where °C, is the mean vapour-phase concentration in the reference vials, C, the equilibrium vapour-phase concentration in the sample vial, and ° K. and V MX stand for the mean volumes of the vials and the MX sample, respectively. The latter can be estimated from MX mass assuming a specific mass of 1120 kg m" 3 (Schreiber and Sch6nhen\ 1990) . The mean °V, of the vials used was 23.6 ±0.1 ml as determined gravimetrically with H 2 O.
For all compounds sorption isotherms were determined over the concentration range accessible by the method chosen. The concentration in the MX (Cyx) was plotted against the concentration in the air (C.). The molal MX/air partition coefficients (A" MXa )
( 2) were obtained from the slopes of the isotherms as all isotherms obeyed Henry's law.
Cuticle/water partitioning
Cuticle/water partition coefficients (K MXw ) were estimated from A: MXa and the air/water partition coefficient (X, w ) according to:
Air/water partition coefficients were determined by the difference method in analogy to the MX sorption experiments. Instead of MX, increasing volumes (0.02^ ml) of H 2 O bidistilled over quartz (Destamat, Heraeus, KJeinostheim, Germany) were added to 20 ml vials. After injection of the alkanol, the vials were rotated for at least 3 h in a thermostated chamber in order to achieve equilibration.
Static headspace gas chromatography
Vapour-phase concentrations were measured by static headspace gas chromatography. A gas chromatograph (Dani 8610, Monza, Italy) equipped with a PTV injector and a FID detector was connected to an autosampler (Dani HSS 3950) which had been modified as to allow for the control of the temperature of the vial holder by means of an external thermostat.
The sample taken from the headspace of a vial was preheated to 170 °C in the transfer line leading to the injector (at 200 °C). Separation was achieved using a fused silica WCOT capillary column (25 m, 0.2 mm i.d., CP-Sil 19 CB, df=0.2 ^m, Chrompack, Middelburg, Holland) isothermally at 70 °C with He 2 as carrier gas (inlet pressure 0.6 bar) and N 2 as make-up gas (0.6 bar). Split flow was ISmlmin"
1 . Peak areas were registered by an electronic integrator (C-R3A, Shimadzu, Kyoto, Japan). Headspace concentrations ^0.001 mol m" 3 could be quantified using this system.
Results
Sorption isotherms and partition coefficients
The sorption isotherms of the Cl to C6 aliphatic alkanols studied in the Lycopersicon esculentum fruit cuticular matrix (MX)/air system were strictly linear and included the origin (Fig. 1A) . The isotherms did not deviate from linearity even when the gas-phase concentrations approached saturation (Fig. IB) . Under these conditions maximum concentrations in the MX of 1500 and 1800 mol m~3 were reached for 1-butanol and 1-propanol, respectively. This clearly showed that the sorption of the vapours of Cl to C6 alkanols in the MX obeyed Henry's law over a wide range of concentrations.
For this reason, the slopes of plots of the equilibrium concentrations in the MX versus the equilibrium concentrations in the vapour phase are the corresponding MX/air partition coefficients (K MX J. At 25 °C, they ranged from 454 for methanol to 33 000 for 1-hexanol (Table 2) . Systematic effects of carbon number and position of the hydroxyl group on cuticle/air partitioning can be clearly detected: (1) Increasing chain-length and number of carbon atoms led to an increase of the partition coefficients, while (2), at equal carbon number, moving the hydroxyl group from a primary to a secondary and tertiary position decreased K MXB ( Table 2 ). The partitioning of the aliphatic alkanols in the system vapour phase/water also followed Henry's law over a wide range of concentrations (data not shown). Air/water partition coefficients (A^w) were again calculated as the slopes of the corresponding partitioning isotherms. All values of A^w were in the order of 10~4. The lowest and highest values observed were 1.94 x 10 ~4 and 8.47 x 10~4 for methanol and 2-hexanol, respectively (Table 2) . Thus, A^w varied much less than K MXt .
Cuticular matrix/air and air/water partition coefficients can be combined according to equation 3 leading to an estimate of the MX/water partition coefficient (A^J. For the set of chemicals studied, they ranged from 0.088 to 23 for methanol and 1-hexanol, respectively (Table 2) . Cuticular matrix/water partition coefficients increased with carbon number and decreased from primary to tertiary alkanols of equal carbon numbers.
Temperature dependence of cuticular matrix/air partition coefficients
The dependence on temperature of the cuticular matrix/air partition coefficients of CI to C6 1-alkanols was determined. Measurements were made at five temperature levels within the range from 5-40 °C. However, for experimental reasons, not the whole range of temperatures could be covered with all compounds. Partition coefficients decreased exponentially with temperature (Fig. 2) . The plots of In K MXn versus temperature were linear 8; Table 3 The mean Q l0 for the CI to C6 primary alkanols is 0.53 (0.44-0.65), which means that the corresponding values°f ^MXa decrease roughly by a factor of two when the temperature is raised by 10 K. Within the ecologically most relevant range of temperatures (approximately -15 to 45 °C) this amounts to a variation of cuticle/air partitioning by one order of magnitude.
Discussion
The equilibrium partitioning of a series of CI to C6 alkanols between the cuticular matrix of Lycopersicon esculentum fruits and adjacent gaseous and aqueous phases was studied. This simulates the in planta situation where the cuticle is an interphase between the aqueous apoplast of the plant tissue and the atmospheric environment. Two of the three partition coefficients in this threephase system were determined experimentally and the third was estimated. Thus, the equilibrium distribution of volatile organic compounds from natural or anthropogenic sources in the three phases at the boundary between plants and the atmosphere may be analysed and predicted.
The sorptive properties of plant cuticles
The physical (reversible) sorption of an organic chemical in the cuticle of leaves and fruits is the basis of two important processes involving plant surfaces: (1) the accumulation of a lipophilic chemical in the cuticle relative to the adjacent aqueous and gaseous phases, and (2) the diffusional uptake or emission of an organic compound across the cuticle into or from interior tissues. The sorptive properties of a solid are reflected by the shape of the sorption isotherm. Plots of equilibrium concentrations in the MX versus the concentration in the air phase were strictly linear for all alkanols studied and over a very wide range of concentrations (Fig. 1 ).
This isotherm shape shows that Henry's law is obeyed suggesting that the interaction of the solute and the solid sorbent is similar to the dissolution of a chemical species in a liquid. The corresponding isotherms have been termed constant partitioning isotherms because the sorptive properties of the sorbent do not change with the amount of solute sorbed (Giles and Met, 1960; Giles et al, 1974a, b) . The sorbent can not be saturated within the range of concentrations tested suggesting that with each molecule sorbed space for another one is created by swelling of the polymer (Giles et al, 19746) .
This has important consequences concerning the interaction between the alkanols and the cutin polymer. It may be concluded that the interaction is unspeciiic and does not depend on specific sorption sites whose number may be limited. This hypothesis can be tested by establishing reduced isotherms. In this case, the equilibrium concentration of the alkanol in the MX is plotted against its reduced concentration or vapour pressure in the gas phase. The consequence of this standardization relative to the saturation pressure is that the differences between the individual sorption isotherms disappear. The 177 data points obtained during sorption experiments at 25 °C with 12 alkanols coincide leading to one reduced isotherm (Fig. 3A) . The same is true when the 204 data pairs from the temperature experiments are plotted on a reduced gas-phase concentration scale (Fig. 3B) . In this case, the differences between the chemicals and those due to different temperatures disappear. From both plots the data obtained for methanol were omitted as they lay on a separate line slightly though significantly above the common reduced isotherm of the rest of the compounds.
Congruent reduced isotherms are good evidence that the sorption process depends only on the thermodynamic activity of the solute sorbed and not on substance-specific interactions between the alkanols and the polymer. It is proposed that this behaviour of Cl to C6 alkanols in the MX is favoured by the close structural similarity of these compounds and the cutin polymer mainly consisting of cross-linked hydroxyfatty acids. Methanol may be considered as an exception suggesting that an additional type of interaction (probably polar interactions) contributes to sorption.
In conclusion, the experimental data suggest a common mechanism for the sorption of aliphatic alcohols with more than one carbon irrespective of chain-length and position of the hydroxyl group. The only effect of temperature (Fig. 2) is that on saturation vapour pressure (Fig. 3B) . Temperature, therefore, does not alter the sorptive properties of tomato fruit MX or the mechanism of its interactions with alkanols. Both aspects are essential o P'Po Fig. 3 . Reduced cuticular polymer matrix (MX)/air isotherms for the complete set of alkanols obtained by plotting the equilibrium concentration of the compound in the MX (C^) versus its reduced vapour pressure in the gas phase (p/p 0 )-The latter is given by the ratio of the equilibrium vapour pressure determined by headspace gas chromatography (p) and the saturation vapour pressure (p 0 ). Saturation vapour pressures (Table 1) were calculated according to (Daubert and Danner, 1989) . (A) Reduced isotherm for all compounds at 25°C. (B) Reduced isotherm for the sorption of 1-alkanols at temperatures varying from 5-40 °C. In both figures, data for methanol were not included as they systematically deviated. Data for 3-methyl-3-butanol were omitted because reliable saturation vapour pressure data were not available.
when the present results are to be used for establishing valid predictive relationships using sets of compounds other than those in this study.
Prediction of alkanol sorption in polymer matrix membranes
The presence of alkanols and related compounds in plant surfaces may contribute to a variety of biological processes and phenomena ranging from the emission of plant volatiles (Arey et al, 1991; Winer et al, 1992; Charron et al, 1995) , the interference with cuticular permeability (Schdnherr, 1993a) and the chemical communication of arthropods (Noldus et al, 1991; Dobson, 1994) . It is, therefore, desirable to predict the concentration of a given compound in the plant cuticle from its concentration in one of the adjacent phases and some easily accessible properties. There are several approaches that may be taken to establish quantitative relationships for predicting either concentrations in the MX or partition coefficients.
One approach uses reduced isotherms (Fig. 3) . The equilibrium concentrations of alkanols in Lycopersicon fruit MX (C MX in mol m~3) was linearly related to the reduced vapour pressures (which are identical with reduced gas-phase concentrations) of the compounds in the gas phase. The regression equation including all data (except those for methanol) from all experiments is:
The intercept of this equation is not significantly different from 0. The slope is a fictitious sorption capacity of the MX which is approached when p =p 0 on the condition that the isotherm is linear up to saturation.
Equation 5 can also be used to predict equilibrium concentrations in the polymer matrix of plant cuticles for alkanols that have not been studied so far. The only information needed is the saturation vapour pressure of the compound (often available from the literature) and its concentration in the gas phase in equilibrium with the cuticle. When the concentration in an adjacent aqueous phase (C w ) is measured the corresponding reduced vapour pressure can be obtained by
where R is the gas constant, T the absolute temperature and K iW the air/water partition coefficient ( Table 2 ). The latter may be obtained from the literature (Mackay and Shiu, 1981; Maassen et al., 1996) or estimated (see below).
The finding that the alkanols studied interacted in a similar way with the polymer matrix of plant cuticles and that their concentrations depended only on the reduced vapour pressures leads to the conclusion, that equation 5 may also be applied to mixed systems. When several alkanols are present in the adjacent phase, the cumulative concentration in the MX may be estimated by substituting the sum of reduced vapour pressures into equation 5. Instead of applying reduced isotherm equations for predicting equilibrium concentrations of alkanols in the MX quantitative property/property relationships may also be used for the prediction of partition coefficients. The MX/air partition coefficient A^M XB of primary, secondary and tertiary Cl to C6 alkanols are directly related to their saturation vapour pressures at 25 °C (Fig. 4A) or to their boiling points (Fig. 4B) . The corresponding regression equations are = 6.40(±0.43)-0.91(±0.13)log/> 0 N= 14; adj. ^ = 0.946
for the relationship with saturation vapour pressure p 0 (in Pa) and log #MX« = 1-21 (±0.11)-0.021 (±0.001 )bp 7V=14; adj. r*=-0.994 (8) for the correlation with the boiling point (bp, in°C). Since both quantities are easily obtained from the literature or determined experimentally equations 7 and 8 will be applicable to a wide range of compounds.
In a similar way, the MX/water partition coefficients (K MXw ) of all types and chain-lengths of alkanols investigated may be predicted from the 1-octanol/water partition coefficient, a widely used descriptor for lipophilicity (Leo et al., 1971; Hansch and Leo, 1979) . Plots of the logarithms of both entities are strictly linear over a range of approximately three orders of magnitude (Fig. 5) . The corresponding quantitative property/property relationship is log *MXW= -0.57(±0.08) + 0.89(±0.07)log N= 13; adj. T 2 = 0.983 (9) 3-Methyl-3-pentanol was not included as no experimentally determined value of A^, w was available. Equation 9 may be used to predict the partitioning of alcohols between the aqueous cell wall phase or a sessile droplet of water and the matrix of the cuticle. 1-Octanol/water partition coefficients are available for many organic compounds (Hansch and Leo, 1979; Sangster, 1989) . Finally, the partition coefficients governing the distribution of alkanols between adjacent gaseous or aqueous phases and the cuticle also correlate perfectly with the most simple structural descriptor for an aliphatic molecule: the number of carbon atoms (Fig. 6 ). With the exception of the outliers methanol and 2-methyl-1-propanol the logarithms of the MX/air, air/water and MX/water partition coefficients of all alkanols studied linearly depended on the carbon number of the compounds. In the case of Kw^ and K MXvi three distinct relationships were obtained, one for the primary, secondary and tertiary alcohols, respectively (Fig. 6A, C) . In the case of A, w , the relationships for secondary and tertiary alcohols did not differ significantly (Fig. 6B) .
Quantitative structure/property relationships can be obtained by linear regression analysis of the logarithms of the MX/air, air/water and MX/water partition coefficients and the carbon number (N), respectively (Table 4, equations 10-13, 14, 15, 17-19) . In all cases, high correlation coefficients (adjusted r*> 0.968) and intercepts and slopes significantly different from 0 (P<, 0.066) were 10' -, Table 2 ) and the 1-octanol/water partition coefficients (*:<", Table 1 ) of alkanols. obtained. The only exception was the correlation between log A' MX. and N for the three tertiary alkanols studied where (due to small sample size) the intercept and the slope were different from 0 only on the 0.077 and 0.053 level, respectively. Excellent correlations (adjusted .976) were also obtained for multiple regressions of the logarithms of all values of K MXt , A^w and A^M Xw with N and an ad hoc structural descriptor X coding for the position of the hydroxyl group in the molecule (Table 4, equations 13, 16, 20) . This set of equations is a tool for predicting the distribution behaviour of primary, secondary and tertiary alkanols between the gas, water and cuticle phases. It uses non-empirical descriptors for chemical structure instead of empirically determined physicochemical properties and thus has, for statistical reasons, an inherently higher predictive power (Seybold et al., 1987; Sabljic et al, 1990; Randic, 1991) .
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Outlook
This study demonstrated that a complete experimental characterization of the partitioning processes of volatile organic compounds at the leaf/atmosphere boundary can be achieved by using an appropriate static headspacechromatographic method. Thus, in the future it will be possible to study the accumulation of organic volatiles at the leaf/atmosphere interface emitted by organisms or from industrial sources. Currently, the MX/air and air/water partitioning of organic air pollutants belonging to a wide variety of substance classes is being investigated in order to assess the role of plant surfaces in scavenging and accumulating organic volatiles from the atmosphere. This will contribute to a better understanding of the effect of plant biomass on the fate of organic compounds in the environment (Travis and Hattemer-Frey, 1988; Riederer, 1990; Paterson et al., 1994) .
The quantitative property/property and structure/property relationships established for the partitioning of primary, secondary and tertiary C2 to C6 alkanols may be especially helpful in testing hypotheses concerning the effects on cuticular permeability of alkanols with chainlengths from C6 to C12 originating from the metabolism of the plant (Schonherr, 19936) . Using the relationships found in the present study, concentrations in the cuticular phase can be estimated from reduced vapour pressures or from predicted partition coefficients and the alkanol concentration in the aqueous or gaseous phases.
